Many biological and technological complex fluids exhibit tight microstructural alignment that confers them nematic mechanical properties. Among these we count liquid crystals and biopolymer networks, which are often available in microscopic amounts. However, current microrheological methods cannot measure the directional viscoelastic coefficients that appear in the constitutive relation of nematic complex fluids. This article presents directional two-point particle-tracking microrheology (D2PTM) -a novel microrheology technique to determine these coefficients. We establish the theoretical foundation for D2PTM by analyzing the motion of a probing microscopic particle embedded in a nematic complex fluid, and the mutual hydrodynamic interactions between pairs of distant particles. From this analysis, we generalize the formulation of two-point particle tracking microrheology for nematic complex fluids, and demonstrate that the new formulation provides sufficient information to fully characterize the anisotropic viscoelastic coefficients of such materials. We test D2PTM by simulating the Brownian motion of particles in nematic viscoelastic fluids with prescribed directional frequency-dependent shear moduli, showing that D2PTM accurately recovers the prescribed shear moduli. Furthermore, we experimentally validate D2PTM by applying it to a lyotropic nematic liquid crystal, and demonstrate that this new microrheology method provides results in agreement with dynamic light scattering measurements. Lastly, we illustrate the experimental application of the new technique to characterize nematic F-actin solutions. These experiments constitute the first microrheological measurement of the directional viscoelastic coefficients of an anisotropic soft material.
Introduction
Particle tracking microrheology (PTM) 1,2 is a useful experimental technique to determine the rheological properties of soft materials that exhibit complex mechanical behaviors and are conveniently available in minute amounts 3, 4 . In PTM, submicron-sized particles are embedded in a material sample, excited with a known force, and their displacements are measured as a function of time. From these measurements one can determine the material's frequency-dependent shear modulus G(ω). PTM methods can be classified as active or passive depending on the nature of the force that drives particle motion. Active PTM methods apply an external force on the probing particle whereas in passive PTM methods, the embedded microparticles undergo random motion due to thermal and possibly non-thermal fluctuations. Active and passive PTM have been applied to characterize, among other systems, colloidal suspensions [5] [6] [7] , reconstituted protein gels [8] [9] [10] , and the cytoplasm of live cells [11] [12] [13] .
Regardless of the mechanism driving particle motion, a key step of PTM is to connect the measured motion with the underlying rheological properties of the medium. This step requires theoretical knowledge of the relation between the driving force and particle velocity as a function of G(ω). This relation is usually idealized as Stokesian, i.e. F = 6πGa/ω where a is the particle radius, but there is a number of near field phenomena that generate deviations from Stokesian behavior. Examples of these are partial slip at the particle surface 14 , compressibility 15 and electrochemical surface interactions 16 . To eliminate these short-range effects, Crocker et al. 17 introduced two-point PTM, which analyzes the crosscorrelated motion of pairs of distant particles.
The vast majority of existing PTM protocols (active and passive, single-point and two-point) assume that the probed medium is isotropic. However, there is a substantial number of soft materials that exhibit molecular or supramolecular alignment leading to anisotropic rheology. Anisotropic particle diffusion has been reported in nematic liquid crystals 18, 19 , reconstituted polymer networks 20, 21 , and the cytoplasm of cells 12, [22] [23] [24] [25] . However, there is a lack of microrheological methods to measure the directional viscoelastic coefficients of nematic complex fluids. Previous efforts analyzed particle motion in the principal directions of minimum and maximal motion, and applied Stokes' law in each direc-tion 12, [20] [21] [22] 24, 25 . This approach provides effective shear moduli that quantify the viscoelastic resistance experienced by the particle in different directions. However, these effective shear moduli do not represent true material viscosities 4 , and have been shown to differ substantially from the material viscosity coefficients of the fluid 26 . To address this limitation, Gómez-González and delÁlamo 26 studied the flow of a nematic fluid around a sphere using the Leslie-Ericksen constitutive relation. They calculated the drag coefficients of the sphere in the directions parallel and perpendicular to the nematic as functions of the three directional shear moduli of the fluid. They also showed that one-point PTM can only provide up to two independent drag coefficients, which is insufficient to calculate the three shear moduli.
In this paper, we resolve this indetermination by analyzing the cross-correlated motion of pairs of distant spheres in a nematic fluid. Specifically, we derive a closed-form analytical solution for the spheres' mutually induced velocity, i.e. the multiparticle mobility tensor. We show that this approach provides three independent equations, so that two-point PTM can be used to determine the rheological properties of nematic fluids that follow the Leslie-Ericksen constitutive relation. The novel directional two-Point PTM (D2PTM) formulation is validated via numerical simulations, as well as experiments in a nematic liquid crystal of known directional viscosity coefficients. Finally, we apply D2PTM to a nematic solution of filamentous actin. These results represent the first direct microrheological measurement of the directional shear moduli of F-actin, enabling future applications of D2PTM to other soft materials.
Theoretical Foundation of Directional TwoPoint Particle Tracking Microrheology
This section describes the motion of spherical PTM probes embedded in a nematic complex fluid defined by the director n ( Fig. 1) . The drag force experienced by the particles and the interaction between pairs of distant particles ( Fig. 2) are calculated. These results are used to develop analysis algorithms for D2PTM.
Mathematical Formulation
The velocity field of an incompressible complex fluid can be described 27 by the Cauchy's momentum equation
together with the continuity equation ∇ · v = 0, where f represents the applied external forces, v = ∂ t u is the velocity field, u is the deformation field, ρ is the density and τ is the stress tensor. These equations are valid for homogeneous Fig. 1 Particle of radius a embedded in a nematic complex fluid with director n. The particle moves with velocity v and experiences a resistance force F.
one-component materials, and for semidiluted bio-polymer networks that conform to certain conditions 28 , i.e. low volume fraction φ of the solute, characteristic length of the displacements a larger than the mesh size ξ , and frequencies ω ≪ 10 4 s −1 . These conditions are often met in microrheology studies of biological samples such as the eukaryotic cytoplasm (φ ∼ 0.01 − 0.02 29 ) and reconstituted bio-polymer networks (φ ∼ 0.001 − 0.01 9, 21, 30 ), where the length scale is the radius of the probing particle a ≫ ξ and the frequencies are well below the specified limit 26 .
We estimate a Reynolds number Re = ρUa/η ∼ 10 −6 in PTM experiments 26 and thus neglect inertial terms in the equations of motion. We relate the stress and strain (ε) tensors via a generalization of the Leslie-Ericksen constitutive equations [31] [32] [33] in the frequency domain,
wherep represents the pressure, δ the Kronecker delta,· indicates Laplace transform, s is the frequency and the subscripts i, j, k and q represent space coordinates. The convention of summation over the repeated indices k and q holds for this equation. This expression is analogous to the generalized Stokes' formula proposed by Mason and Weitz 1 . It depends on six complex viscoelasticity coefficientsα * k (s), the director of the nematicñ i , and the rate of change of the director with respect to the background fluid,Ñ i . The viscoelasticity coefficients are a generalization of the Leslie viscosity coefficients α k through analytical continuation, and depend on the complex frequency s. The vectorÑ i is defined as the sum of the substantial derivative ofñ i and the rotation of the fluid with respect to the director, and is more conveniently expressed in real space as
The nematic field n is determined from the equilibrium of moments created by the viscoelastic stresses on the fluid and and make use of Parodi's relation 35 ,α * 6 =α * 2 +α * 3 +α * 5 . Under these simplifications, equation (1) becomes
wherep =p + (G c −G a −α * 5 )∂ xũx is a modified pressure, and r = (x, y, z) and˜ u = (ũ x ,ũ y ,ũ z ) are the position and displacement vectors in a Cartesian coordinate system.
The three Miesowicz coefficients have a clear physical meaning in a nematic fluid 36 . For a uniform shear flow along the x-direction,G b andG c are excited if n is respectively parallel to the flow velocity or to the velocity gradient, whereas G a is excited if n is perpendicular to both the flow velocity and its gradient. Fig. 14 in Appendix A provides a graphical interpretation of these coefficients.
Derivation of the Response Function
A spherical particle of radius a moving at low Reynolds number experiences a drag force that is proportional to its velocity,
whereζ is the tensorial Response Function, also known as Hydrodynamic Resistance 37 or Self-Resistance 38 . Note that v 0 and F are not parallel to each other in an anisotropic fluid asζ is not proportional to the identity matrix.
To calculate the response function of the particle, we perform a multipole expansion 37, 39, 40 . We first calculate the Green's function of equations (3)- (5) in the Fourier wavenumber domain, and then integrate the Green's function to obtain the particle velocity as a function of the driving force. Due to the linearity of the problem, we seek for solutions of the form
where · denotes Fourier transform along the spatial coordinates, G i j and P j are the Green's functions for the velocity and the pressure, and f is the driving force applied on the fluid. Solving for the Green's functions of the problem yields (see 26 for more details)
and
with l = 2, 3, and where
is the viscoelasticity vector, and δ i j is the Kronecker delta.
The particle velocity is calculated by performing the inverse Fourier transform of equation (7) particularized at x = 0,
where
is the Fourier transform of f ( x) and the function H( k) is a regularization kernel that localizes the drag force in physical and/or Fourier space. We choose to distribute the force as a Gaussian around the origin 41, 42 so that
The response function is thus given bỹ
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where k = (k, φ , θ ) is the Fourier wavenumber vector in spherical coordinates. Due to the symmetry of G i j , the tensorζ −1 is diagonal and equation (6) becomes
whereζ andζ ⊥ are respectively the components of the response function in the directions parallel and perpendicular to n. Their general form is provided in Appendix A (equations 46 and 47) together with its singularities and Taylor expansion around the isotropy point. The influence of the parameterα * 1 in the response function has been shown to be weak compared to that of the other coefficients 26 , and its value has been measured to be very small for many nematic materials [43] [44] [45] [46] [47] . Thus, we focus on the limit casẽ α * 1 → 0, for which the principal components of the response function are defined by
which exclusively depend on the three generalized Miesowicz shear moduli.
Particle-Particle Hydrodynamic Interactions in a Nematic Complex Fluid
Consider two distant particles denoted α and β , embedded in a nematic complex fluid as shown in Fig. 2 , where a α and a β represent the particle radii, r α,β is the vector that connects the center of the particles, and r α,β ≫ a α , a β . When particle β moves with velocity˜ v 0 β it displaces the fluid around itself and induces a velocitỹ
on particle α. Contrary to the isotropic case, the induced velocity depends not only on the distance between particles, | r α,β |, but also on the orientation of r α,β with respect to the nematic director. Up to first order, the induced velocity will create an additional drag force on particle α, Reciprocally, the total velocity of particle α is
The dependence between the velocities and drag forces of both particles can be expressed in matrix form 38 as 
whereZ ( r; s) is the multiparticle resistance tensor and its inverse is the multiparticle mobility tensor. When the two particles are far apart from each other their long range interaction is very weak, and each particle's self-induced drag force dominates over their mutually-induced force. In that case, the resistance and mobility tensors up to first order becomẽ
andZ
This result is essential to derive D2PTM formulae in §2.5 below. To this end, it is necessary to transform the Fourier expressions (10)- (11) of the Green's function back into the physical domain. For a nematic fluid, it is sufficient to obtain the inverse transform particularized at z = 0 due to the axial symmetry of the nematic configuration. To exploit this symmetry, we work on the plane defined by n and r α,β and apply a simple rotation of the coordinate system to transform this plane into z = 0. The general form G (x, y, z = 0) is given in Appendix B (equations 58-63), along with its singularities and Taylor expansion around the isotropy condition. In the limitα * 1 → 0, the components of the Green's function arẽ
Directional One-Point Particle Tracking Microrheology: An Undetermined Problem
The Einstein relation between the one-dimensional mean squared displacements (MSD) of a particle undergoing Brownian motion and its hydrodynamic drag is
where k B is the Boltzmann constant, T the temperature and ∆x(0), ∆x(s) the Laplace transform of the MSD 4, 48 . Using the results derived in §2.1-2.2, this Einstein equation can be adapted to describe the motion of a particle embedded in a nematic complex fluid.
In the principal directions defined by n and its orthogonal plane, the response function tensor is diagonal (see equation 15) . Thus, the MSD measured in these principal directions are independent of each other (zero cross-correlation) and equation (28) can be applied separately along each principal direction 12, 20, 21 , yielding
However, it is important to note that these two equations together with (16)- (17), are not sufficient to determine the three Miesowicz shear moduliG a ,G b andG c 26 . The next section shows that analyzing the correlated motion of pairs of distant particles resolves this indetermination.
Directional Two-Point Particle Tracking Microrheology
Consider two distant particles whose coordinates and velocity components are represented by x α,i and v α,i in a Cartesian coordinate system with its x 1 = x || direction parallel to n, its x 2 = x ⊥ direction contained in the plane defined by the two particles and n, and the x 3 = z direction perpendicular to said plane (see Fig. 2 ). The two particles are thus contained in the plane z = 0 and equations (24)- (27) hold. Following Squires and Mason 38 , we obtain that
whereZ ( r; s) is the multiparticle resistance tensor derived in §2.3, whose inverse is given in equation (23) . The upper left and lower right blocks of (23) provide the one-point directional PTM formula derived by Gómez-González and deĺ Alamo 26 (summarized in §2.4). The off-diagonal blocks of the tensor provide the two-point formulae
This symmetric tensor relation offers six equations forG a , G b andG c but these equations are not linearly independent. The tensorial incompressibility condition ∇·G = 0 establishes three constraints on the elements ofG i j , effectively reducing the number of independent equations in (32) to three. In the ideal experimental scenario where one could measure 3D particle displacements as a function of time, it would be convenient to use the diagonal equations of (32) to calculate the Miesowicz shear moduli from the measured two-point mobility tensor. However, typical experiments only provide accurate measurements of 2D particle displacements. In this scenario, it is still possible to calculate the three Miesowicz shear moduli from the equations corresponding toG 11 ,G 12 andG 22 , but it is advisable to precondition the equations as described below to minimize numerical error. The cross-correlated displacements in the left hand side of (32) have very low values due to the low energy and long range of the particle-particle interactions. Thus, it is necessary to compile averages over a large number of particle pairs to obtain statistically meaningful results. But sinceG i j ∼ r −1 α,β , the averaging procedure converges faster if equation (32) is renormalized by r α,β . Additionally,G 12 is typically much smaller thanG 11 andG 22 , which can lead to numerical errors when jointly solving the three equations. Considering thatG 12 ∼ x/(y x 2 + y 2 ), we use this factor to renormalize the corresponding equation. The resulting system of equations for the calculation of the Miesowicz shear moduli is
where α and β represent every possible particle pair in the experimental domain. Equations (33)- (35) form a non-linear system that must be solved iteratively for each Laplace frequency. In this system, k B is a physical constant, s is a parameter of the problem, while T , r α,β and ∆x i, j are experimental measurements, andG i, j are provided by equations (24)- (27) . Once the experimental measurements are defined, the only three unknowns of the problem areG a ,G b andG c . Fig. 3 presents a flow chart summarizing the D2PTM analysis. We first track the embedded probing particles in two orthogonal directions x and y that define a plane containing the director of the fluid, n. We then calculate the ensemble averaged MSD, i.e. ∆x 2 (τ) , ∆y 2 (τ) and ∆x, ∆y(τ) . From these data, we calculate their principal directions x || and x ⊥ , i.e. the two orthogonal directions where the cross-MSD term ∆x || , ∆x ⊥ (τ) is zero (down to experimental error). Then, we calculate the two-point MSD of each particle pair in principal directions and solve equations (33) 21, 49 . Preformed actin filaments from rabbit skeletal muscle were purchased from Cytoskeleton, Inc. (Denver, CO). This F-actin mixture was diluted in Milli-Q water at room temperature to a concentration of 0.4 mg/ml. The resulting F-actin solution contained 5 mM Tris − HCl pH 8.0, 0.2 mM CaCl 2 , 0.2 mM ATP, 2 mM MgCl 2 and 5% (w/v) sucrose. The samples were incubated for 10 minutes at room temperature, allowing the filaments to completely dissociate from each other. In order to protect the samples from bacterial growth, ampicillin was added to a final concentration of 100 µg/ml. The salt concentration of the buffer produces an average filament length of 8 µm, which is substantially smaller than the persistence length of F-actin, ξ p ∼ 20 µm 50 . Thus, the actin filaments in our experiments can be safely assumed to be straight. To induce the nematic transition of the samples, the F-actin concentration was increased to 4 mg/ml while keeping constant the salt concentration and filament length by dialyzing the sample, i.e. the sample was centrifuged at 2,000 g and 19 • C in an Amicon Ultra-4 Centrifugal Filter Unit (EMD Millipore, Billerica, MA) until the target concentration was reached. The protein concentration was monitored using a spectrophotometer to measure the absorbance at 650 nm.
Carboxylate modified red latex beads with 0.5 µm nominal diameter (Fluospheres, Invitrogen, Carlsbad CA) were diluted in the supernatant solution and then added to the protein solution. The surface chemistry of the probing particles is not determinant for the experiments, given that the near-field effects are negligible for the two-point particle tracking microrheology experiments. Likewise, the particle size is also not important, as long as the interparticle separation is much larger than the particle radii 17 . The protein solution with beads was stored at 4 • C for no longer than a week. Rectangular capillary tubes with internal dimensions 0.1 mm × 1 mm × 50 mm (VitroCom, Mountain Lakes, NJ) were filled through capillarity with the protein solution. The filling flow provides enough its major axis aligned along the nematic, consistent with the anisotropic rheological properties of the simulated fluid.
Numerical implementation of Laplace transforms
Laplace transforms were calculated using the Fast Laplace Transform (FLT) approach 66 . The FLT is based on the observation that the complex Laplace frequency s is related to the Fourier frequency ω as s = c + iω, so that the Laplace transform can be calculated by using the coefficients of the Fast Fourier Transform. We used an efficient implementation of the Fast Fourier Transform called the FFTW 67, 68 . The accuracy of the FLT was characterized as a function of the free frequency parameter c 66 , being c = 4π/T the optimal value, which we employed throughout the simulations. We found the errors introduced by the FLT for the specific data of our simulations to be ∼ 10 −6 % 69 . We dismissed the implementation of an improved Talbot approximation to the Inverse Laplace Transform [70] [71] [72] because, while it would provide a smoother result, it is singular at τ = 0.
Validation of D2PTM
In order to assess the feasibility and accuracy of D2PTM, we applied this new technique to measure the directional viscosities of a lyotropic chromonic nematic liquid crystal 73 , and compared the results with reference values available in the literature 52 . Existing methods to measure the anisotropic rheology of liquid crystals typically assume constant viscosity coefficients. However, other complex fluids may exhibit nontrivial frequency dependence in their shear moduli, with both elastic and viscous components. In order to assess the capacity of D2PTM to capture these effects in nematic fluids, we also tested this technique in numerically simulated directional viscoelastic gels.
D2PTM of a lyotropic nematic liquid crystal
Water based liquid crystals such as disodium cromoglycate (DSCG) 52, 73 are a convenient benchmark for D2PTM since the probing microparticles are easily available as a water suspension. DSCG is a lyotropic chromonic nematic liquid crystal that has recently sparked attention due to its biocompatibility 51 and other interesting properties 74 . We chose DSCG because its directional viscosity coefficients were previously characterized by means other than D2PTM. Zhou et al. 52 tions: Table 1 displays the values of η b and η c calculated from by Zhou et al. 's measurements for two DSCG concentrations (14 wt% and 16 wt%). We prepared DSCG samples at these two concentrations as detailed in §3.1.1.2, and particle motion was imaged as explained in §3.1.2. Then, the motions of the probing particles were analyzed following our new D2PTM protocol, which is described in §2.5. Fig. 7(a) shows the principal MSDs measured for probing microparticles immersed in a nematic 16 wt% DSCG solution. Due to the dominantly viscous nature of this fluid, the MSDs vary almost linearly with τ and the curves have a roughly unit slope for τ < 100s. However, the slopes are not exactly one, and they are different along different directions, suggesting that the DSCG is, as expected, not completely viscous. Anyhow, given that there is not data available in the literature to compare with the measurement of the elastic response of the DSCG solutions, we will only regard the viscous part of its directional shear moduli. At longer time scales, the MSDs manifested a departure from linear slope, probably due to incomplete statistical convergence. Consistent with this explanation, the standard deviation of the MSDs increased significantly for τ > 100s, and we observed a similar long-time behavior for 1-24 | 9 one-point PTM, makes an important contribution to the microrheology of nematic F-actin solutions. More importantly, the one-point data would suggest that G ′′ eff,|| < G ′′ eff,⊥ despite that G ′′ || > G ′′ ⊥ (Fig. 13a) , implying that one-point PTM may fail to identify the direction of maximum viscosity in nematic complex fluids. Additionally, one-point PTM underestimates G ′ ⊥ while it overestimates G ′ || (Fig. 13b) , thus severely underpredicting the level of anisotropy in the elastic response of nematic F-actin solutions.
Discussion and Conclusion
Soft viscoelastic materials often exhibit microstructural alignment along a common direction leading to anisotropic rheological properties. Liquid crystals 75 , nematic viscoelastomers 76 , the cell cytoplasm 12, 77 , and the extracellular matrix 78 are examples of nematic soft materials. For small distortions of the nematic direction field (i.e. low Ericksen number limit), the anisotropic rheology of nematic complex fluids can be approximately described by three frequency-dependent Miesowicz complex shear moduli 26, 79, 80 . These coefficients can be macroscopically measured by subjecting the sample to simple shear in different geometrical configurations 81, 82 , by propagating ultrasound waves or electromagnetic fields, and by light scattering techniques 83 . However, there is a lack of microscopic methods to characterize the rheological properties of nematic complex fluids. This paper introduces a novel particle tracking microrheology method to address this limitation: directional two-point particle tracking microrheology (D2PTM). Compared to existing macroscopic methods, D2PTM can be applied to minute samples and involves a simple experimental setup.
The theoretical foundation of D2PTM is established by extending previous analyses of nematic flow around a microrheological probe 26 . We determine the mutual hydrodynamic interactions between pairs of distant particles immersed in a nematic complex fluid, and we use this knowledge to generalize two-point particle-tracking microrheology 17 to these soft materials. This new analysis allows for calculating the three Miesowicz shear moduli from the measured cross-MSD of particle pairs. Further work would be needed to extend this derivation to smectic or cholesteric phases.
In order to experimentally validate D2PTM, we applied this new technique to disodium cromoglycate (DSCG), a lyotropic nematic liquid crystal whose directional viscosity coefficients were recently measured by dynamic light scattering methods 52 . These validation experiments suggest that D2PTM measurements agree well with measurements from previous methods. D2PTM was validated further by simulating the Brownian motion of spheres embedded in a nematic complex fluid with prescribed frequency-dependent Miesowicz shear moduli. We then applied the D2PTM analysis to the trajectories of the particles and recover the Miesowicz moduli, which resulted to be in close agreement with the prescribed ones.
To demonstrate the experimental application of D2PTM to nematic complex fluids with viscoelastic anisotropic rheology, we perform particle-tracking experiments on F-actin solutions where the actin filaments are aligned by flow shear. The onepoint statistics of particle motion obtained in our experiments are consistent with those previously reported for similar Factin solutions 21 . Moreover, D2PTM provides direct information about the microstructure of the material that is not accessible from one-point measurements of particle mobility. Specifically, we observed that the microrheological response of F-actin solutions is predominantly viscous in the direction parallel to n probably due to filament-solvent sliding, while their response is predominantly elastic in the perpendicular direction due to fiber distortions and fiber bending. This twopoint analysis of particle trajectories revealed important differences between the true material shear moduli of nematic F-actin solutions, and the so-called effective shear moduli derived by previous one-point analyses 12, 20, 21 . In addition to not being able to capture the rotational shear modulus of the nematic, one-point PTM may incorrectly determine the direction of maximum viscosity in nematic F-actin solutions, and may underestimate the anisotropy in their elastic response. Therefore, further experimental studies on the relation between the microstructure of F-actin and other viscoelastic nematic solutions and their micro-and macroscopic mechanics will greatly benefit from D2PTM.
Because hydrodynamic interactions between distant particles are weak, two-point PTM typically requires a large number of particle tracks in order to achieve statistically converged measurements of cross-correlated particle motion. D2PTM is no exception to this rule, especially for the cross-correlation of particle motion along orthogonal directions (e.g. motion of particle α in || direction with motion of particle β in ⊥ direction, see Figs. 7b, 8b and 11b). However, proper normalization of the D2PTM equations (33)- (35) can significantly accelerate statistical convergence. Our experiments provide a quantification of the standard deviation of cross-MSD and shear modulus measurements in D2PTM experiments. This quantification could be used in designing future experiments to estimate the number of particle pairs necessary to achieve a given error in the estimation of a sample's mean shear moduli (i.e. the standard error). In the case of our 16 wt%-DSCG, 14 wt%-DSCG and F-actin experiments with 3,315, 816 and 6,105 particle pairs respectively, the errors in the samples' mean shear moduli are expected to be negligible.
The theoretical framework employed here to develop D2PTM is based on a number of simplifications that could potentially limit the applicability of this new microrheology technique. Specifically, we work with a continuum incom-pressible formulation that assumes small deformations. Thus, the accuracy of D2PTM is expected to deteriorate in experiments that cause large deformations, for strongly non-linear materials, and for materials that are heterogeneous at the length scale of the distance between particle pairs. It is important to note, however, that these simplifications are common to most if not all existing PTM methods 4 . For materials that are partially compressible 84 , the Poisson's ratio should be taken into consideration and the theoretical framework should be modified following an approach similar to that of Levine and Lubensky 15 .
An additional important simplification made in this work is that the orientation of the nematic director remains uniform over the length scale of the inter-particle distance. This assumption is reasonable in the present experiments. Actin filaments are externally aligned as part of the sample preparation, and their persistence length ξ p is approximately twice their total length and 80 times the particle radius. The assumption of uniform nematic orientation can be particularly delicate in the vicinity of the particle due to surface effects 85 . Likewise, when probing polymer solutions with ξ p ≫ a the particle may alter the local orientation of filaments near itself 86 . However, these near-field effects have a negligible influence on the hydrodynamic interaction of pairs of distant particles, and thus the ability of D2PTM to quantify the bulk response of the fluid remains largely unaffected 15 . Furthermore, D2PTM is robust with respect to errors in the direction of the nematic director (see Appendix C).
Distortions of the nematic orientation could be incorporated into the D2PTM analysis by considering static non-uniform nematic fields that include defects near the particle surface 79 . Alternatively, the dynamics of the nematic director could be solved taking into account its Frank elasticity constants 87 , or using the Poisson-bracket approach 88 . Nonetheless, these refinements would introduce additional material parameters unknown a priori, and a two-particle protocol would be insufficient to determine these new parameters together with the Miesowicz shear moduli.
In conclusion, we have developed a new directional twopoint particle tracking microrheology method (D2PTM) that provides important new information about the anisotropic viscoelastic response of nematic complex fluids, which had been unaccessible to currently available microrheology techniques.
Equations (49) 
B Two-particle response function
This appendix provides the general form of the components of the hydrodynamic interaction tensorG ( r; s) (see equation 18) of pairs of distant particles moving in a directional complex fluid, calculated as the inverse Fourier transform of equations (10)- (11) when both particles are located in the same plane z = 0. For the sake of completeness, we also provide the Green's function for the pressure, i.e. the inverse Fourier transform of (9) . The hydrodynamic interaction tensor in a nematic complex fluid, with general values of the shear moduli α * 1 ,G a ,G b and G c , is given bỹ 
where x, y and z are the coordinates of the particle-particle separation in the Cartesian coordinate system defined in Fig. 2 It should be noted here that all (58) , (59), (61) and (63) depend onG b andG c , while only (61) and (63) 
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